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Introduction
Oxidative stress is a major contributor to the lung alterations associated with various lung diseases 
including chronic obstructive pulmonary disease (COPD), lung fibrosis, and lung cancer (1). Antioxi-
dant compounds such as N-acetylcysteine (NAC) have been widely used and are still often prescribed 
in patients with COPD because of  their mucolytic, antioxidant, and antiinflammatory properties (2, 
3). Antioxidants are broadly viewed as cancer-protective molecules that prevent the mutagenic effects 
of  reactive oxygen species (ROS) (4). However, this general view has been strongly challenged in recent 
years. Antioxidants have been suggested to increase the risk of  developing several forms of  cancer in 
humans (5–7) and to accelerate lung tumor progression in murine models of  lung cancer (8). In Ras-mu-
tant mice developing lung cancer, antioxidants reduced oxidative stress and DNA damage, as expected, 
but simultaneously accelerated tumor growth (8). The available studies used oncogenic activation (K-Ras 
and B-Raf  models) responsible for rapid tumor development, which allowed the investigation of  anti-
oxidant effects on cancer progression but not on cancer initiation (8, 9). Thus, whether antioxidants, 
notably NAC, affect lung cancer initiation is unknown. This issue is of  vital importance, as antioxidants 
are widely consumed as dietary supplements intended to promote healthy aging and are also prescribed 
to smokers and patients with COPD, who are at increased risk of  developing lung cancer (10).

To investigate the long-term effects of antioxidant supplementation in the context of lung chronic oxidative 
stress, we studied aging wild-type (WT) and JunD-deficient mice with and without chronic NAC treatment. 
Selection of the JunD-depletion murine model was based on the oxidative stress and chronic cell senescence 
seen in the lungs of  these animals and on evidence of  dramatic JunD downregulation in lungs from patients 
with COPD or lung cancer (11, 12). We show here that NAC treatment decreased oxidative stress and 
cell senescence in the lungs. As expected, these effects were associated with decreased lung emphysema. 
However, the risk of  developing lung adenocarcinoma was increased, possibly by weakening of  the tum-

Oxidative stress is a major contributor to chronic lung diseases. Antioxidants such as N-
acetylcysteine (NAC) are broadly viewed as protective molecules that prevent the mutagenic 
effects of reactive oxygen species. Antioxidants may, however, increase the risk of some forms of 
cancer and accelerate lung cancer progression in murine models. Here, we investigated chronic NAC 
treatment in aging mice displaying lung oxidative stress and cell senescence due to inactivation 
of the transcription factor JunD, which is downregulated in diseased human lungs. NAC treatment 
decreased lung oxidative damage and cell senescence and protected from lung emphysema but 
concomitantly induced the development of lung adenocarcinoma in 50% of JunD-deficient mice 
and 10% of aged control mice. This finding constitutes the first evidence to our knowledge of a 
carcinogenic effect of antioxidant therapy in the lungs of aged mice with chronic lung oxidative 
stress and warrants the utmost caution when considering the therapeutic use of antioxidants.
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origenesis-barrier effect of  cell senescence. This work constitutes the first proof-of-concept evidence to our 
knowledge that NAC, while reducing the lung alterations associated with aging and lung oxidative stress, 
can also promote lung cancer initiation.

Results
Lung JunD downregulation and oxidative damage in patients with COPD, replication in JunD-deficient mice. Since 
JunD, as part of  the activator protein 1 (AP-1) transcription factor, shares with nuclear erythroid-related 
factor 2 (Nrf2) the ability to regulate a variety of  protective ROS-neutralizing enzymes, we investigated the 
expression of  these 2 transcription factors and of  their common target enzymes, i.e., manganese superoxide 
dismutase (MnSOD), NAD(P)H quinone dehydrogenase 1 (NQO1), and heme oxygenase (Hmox) in the 
lungs of  patients with COPD (Supplemental Table 1; supplemental material available online with this arti-
cle; https://doi.org/10.1172/jci.insight.127647DS1). As shown in Figure 1A, JunD protein and mRNA 
levels were downregulated in lung tissue samples and in cultured cells from patients with COPD com-
pared with controls. A similar decrease in Nrf2 expression was observed in cells from patients with COPD 
compared with controls. In addition, expression of  the JunD and Nrf2 target enzymes was decreased 
(Figure 1B), and increases were found in lipid peroxidation, as assessed in lung tissues by 4-hydroxynon-
enal (4-HNE) staining with methyl green nuclear counterstaining; and in DNA oxidation, as assessed by 
8-oxoguanine (8-oxoG) staining (Figure 1, C and D). As expected given the increased oxidative stress, 
increases were also found in the cell senescence markers p16 and γH2.AX in lung tissues from patients with 
COPD compared with controls (Figure 1E). In lung sections from controls, we found sparse but consistent 
staining for JunD, which contrasted with strong p16 staining and absence of  JunD staining in remodeled 
lung parenchyma and vessels from patients with COPD (Figure 1F).

To investigate whether JunD deficiency or aging produced lung alterations similar to those seen in 
human patients with COPD, we studied mice aged 4 or 12–18 months. Long-term effects of  NAC treat-
ment were assessed in both JunD–/– and control (JunD+/– and JunD+/+) mice by adding NAC (40 mM) or 
vehicle to the drinking water. Compared with young mice, aged mice had higher lung JunD levels (Figure 
2A). Consistent with this finding, lacZ staining was increased in lung cells — including vascular, alveolar, 
and bronchial epithelial cells — from aged versus young JunD–/– mice (due to lacZ gene insertion into the 
JunD locus) (Figure 2B). Aged mice also exhibited increased mRNA levels of  the JunD and Nrf2 target 
enzymes mnSOD and Hmox (Figure 2C). Interestingly, expression of  these enzymes (MnSOD, NQO1, 
and Hmox) and of  Nrf2 was not higher in aged versus young JunD–/– mice (Figure 2, A and C). Consistent 
with our previous finding that JunD inactivation led to constitutive oxidative stress (13), ROS production 
was markedly increased in cultured lung smooth muscle cells from JunD–/– mice compared with control 
mice, and this increase was strongly inhibited by NAC (Figure 2D). Lung 4-HNE staining activity and the 
number of  8-oxoG–positive cells were greater in lungs from young JunD–/– mice compared with their WT 
counterparts and were considerably reduced by NAC treatment (Figure 2, E and F). Interestingly, both 
staining activities were stronger in aged versus young mice and were also stronger in aged JunD–/– mice 
than in their aged nonmutant controls. NAC treatment markedly reduced 4-HNE staining in both young 
and aged JunD–/– mice, as well as in aged nonmutant mice. NAC treatment also reduced the number of  
8-oxoG–positive cells in aged JunD–/– mice.

Increases in cell senescence markers and structural lung alterations in aged and JunD-deficient mice, prevention by 
NAC treatment. DNA damage as assessed by the number of  lung 8-oxoG–positive cells (Figure 2F) and γH2.
AX protein levels (Figure 3A) was more severe in aged than in young mice. Interestingly, aged mice exhib-
ited no additional increase in γH2.AX protein levels with JunD inactivation. NAC treatment decreased 
the extent of  DNA damage, and this effect was most consistent in aged JunD–/– mice. In keeping with this 
finding, p16- or p21-positive lung senescent cells were more numerous in JunD–/– mice than in their controls 
at any age, as well as in aged versus young mice (Figure 3, B and C). Also, the number of  β-galactosi-
dase–positive cells was higher in aged than in young JunD–/– mice (Supplemental Figure 1). Again, NAC 
treatment decreased the senescent cell counts, and this effect was most consistent in aged JunD–/– mice. 
Because one consequence of  senescent cell accumulation in the lungs is the development of  emphysema 
(14), we assessed these parameters in the different mouse groups. We found that significant emphysema 
lesions developed in aged mice and were more severe in JunD–/– mice than in their controls (Figure 3D). 
NAC-treated aged JunD–/– mice appeared to be protected from the development of  lung emphysema, in 
accordance with the associated reduction in lung senescent cell counts.
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Figure 1. Oxidative stress and decreased JunD and Nrf2 levels in lungs from patients with lung disease. (A) JunD protein levels measured in the lungs relative 
to β-actin, using Western blotting, in patients with COPD and controls and JunD and Nrf2 mRNA levels measured in cultured pulmonary artery smooth muscle 
cells from patients with COPD and controls. (B) Levels of manganese superoxide dismutase (mnSOD), NAD(P)H quinone dehydrogenase 1 (NQO1), and heme 
oxygenase (Hmox) mRNA measured in cultured pulmonary artery smooth muscle cells from patients with COPD and controls. (C) Representative micrographs 
of lungs from patients with COPD and controls stained for 4-hydroxynonenal (4-HNE) as a marker of lipid peroxidation and (D) for 8-oxoguanine (8oxoG), as 
a marker of DNA oxidation. Individual values and means are represented on the right. (E) p16 and γH2.AX protein levels measured by Western blotting in lung 
samples from patients with COPD and controls. Data are individual values and mean. n = 8 in each group. P values were calculated using the Mann-Whitney 
test. ***P < 0.001; **P < 0.01; *P < 0.05. (F) Representative images of JunD and p16 protein immunostaining in lung tissue from a patient with COPD. In the 
top panels, JunD and p16 are merged with elastin and nuclei. 
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Figure 2. Aging and JunD deficiency lead to lung oxidative stress in mice: effect of NAC treatment. JunD–/– and littermate control mice were studied at 4 
(young) and 12–18 (aged) months of age. (A) Protein levels of JunD and Nrf2 measured in lung homogenates from corresponding mouse groups by Western 
blot analysis. Data are individual values and means. Representative gels for JunD and β-actin (top panels) and NRF2 and β-actin (bottom panels) for 
controls (CTL) and JunD–/– mouse lungs. (B) Representative micrographs showing lung localization of JunD cells stained for β-galactosidase activity at pH 
7.4 (due to lacZ gene insertion into the JunD locus). (C) Quantification of manganese superoxide dismutase (mnSOD), NAD(P)H quinone dehydrogenase 1 
(NQO1), and heme oxygenase (Hmox) mRNA levels, by RT-qPCR in lung homogenates from the corresponding mouse groups. Data are shown as median 
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Lung adenocarcinoma development in NAC-treated mice. Lung tissue histology in aged NAC-treated animals 
revealed the formation of  tumors exhibiting lung adenocarcinoma characteristics in 50% of  JunD–/– mice 
and in 10% of  controls (Figure 4, A and B). The appearance of  the tumors was typical of  adenocarcinoma 
with conspicuous papillary structures associated with a collagen network that stained with Sirius Red, as 
reported in previous studies (Figure 4, C and D, and ref. 15). Adenocarcinoma tissue sections were also 
characterized by high counts of  Ki67-positive cells compared with nonadenocarcinoma tissue (Figure 4E). 
In contrast, p21 and p16 staining activities were not detected in adenocarcinoma tissue (Figure 4F). No 
such tumors were detected in vehicle-treated JunD–/– or control mice, even when studied until 24 months of  
age. No animals in any group had tumors detected in the liver, spleen, or kidneys. Moreover, in situ studies 
detected no associated lesions in mice with lung cancer. Inflammatory infiltrates were detected in the lungs 
of  most of  the aged mice (Figure 4G) and were more marked in the aged JunD–/– mice than in their controls 
but were not affected by NAC treatment (Figure 4G). These changes were not related to alterations in lung 
levels of  mucin (16), which did not differ between aged and young mice and which was not affected by 
JunD inactivation (Supplemental Figure 2).

Cell senescence is known to inhibit cell transformation and tumor initiation. We consequently 
hypothesized that NAC treatment promoted tumor initiation by inducing escape from cell senes-
cence (17, 18). Interestingly, p16- and p21-stained cells, although sparsely distributed in lungs from 
NAC-treated mice, were not seen within tumors (Figure 4F). In contrast, Ki67-stained cells were seen 
only within tumors (Figure 4B). JunD–/–-derived mouse embryonic fibroblasts (MEFs) display p53-de-
pendent premature senescence (19), and NAC treatment decreases p53 levels in the context of  lung 
tumor progression in mice (8). Accordingly, we found decreased lung p53 protein and p16 mRNA lev-
els in NAC-treated aged mice (Supplemental Figures 3 and 4), supporting the concept that NAC limits 
the expression of  key senescence effectors and tumor suppressor genes. However, NAC treatment 
failed to reverse the entry into senescence of  MEFs or cultured lung cells derived from JunD–/– mice 
(data not shown). We also assessed the effects of  NAC on MEFs previously subjected to a 3T3 immor-
talization protocol and initially grown in a low-oxygen environment to increase their survival rate (13). 
As these immortalized cells do not undergo senescence when studied in normoxic conditions, only the 
cell proliferation rate could be used to assess the effects of  NAC. MEFs from JunD–/– embryos prolif-
erated more slowly than those from controls, and NAC treatment slightly increased cell proliferation 
(Supplemental Figure 5). To assess the effect of  NAC on cell senescence, we therefore treated MEFs 
from WT mice with 2 shRNAs targeting JunD (Figure 5A). NAC treatment considerably decreased 
the number of  senescent cells induced by JunD inactivation and increased the number of  proliferating 
cells, thus protecting against cellular senescence, similarly to another antioxidant, β-mercaptoethanol 
(Figure 5, B and C). Together, these data suggest that NAC, by decreasing senescence, may promote 
long-term tumor initiation during aging.

Discussion
We found in this study that continuous treatment with the antioxidant NAC promoted lung cancer 
formation during aging in mice and that this process was amplified in an endogenous model of  oxida-
tive stress induced by deletion of  the transcription factor JunD. These results support the concept that 
antioxidants strongly promote tumor initiation both under abnormal conditions associated with lung 
oxidative stress and during normal aging. Consequently, NAC treatment in smokers or patients with 
COPD, who are at increased risk of  developing lung cancer and exhibit low JunD levels in lung cells, 
should be considered only with great caution.

That NAC supplementation can increase tumor-cell proliferation and tumor growth in mice has 
been documented previously (8, 9). However, no evidence that NAC promoted tumor initiation was 
available. Here, we used mice to study 2 conditions potentially associated with increased oxidative 

(interquartile range) for 7 (JunD–/–) to 10 (control) animals per group. Bars represent extreme values. (D) Quantification of ROS production by determina-
tion of DCFH-DA (a cell-permeant fluorogenic dye that emits fluorescence when oxidized by ROS) in cultured pulmonary-artery smooth muscle cells from 
JunD–/– and control mice. Results are individual values and means. (E) Quantification of lung lipid peroxidation by 4-HNE staining activity in the differ-
ent mouse groups. Representative micrographs are shown on the right. (F) Quantification of lung DNA oxidation by determination of the percentage of 
8-oxoguanine–positive cells in the different mouse groups. Representative micrographs are shown on the right. Stained cells are indicated by red arrows. 
Results are individual values and means. P values were calculated using 2-way ANOVA with Bonferroni’s post hoc test. ***P < 0.001; **P < 0.01; *P < 0.05.
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Figure 3. Aging and JunD deficiency lead to lung cellular senescence and structural alterations that can be prevented by chronic NAC treatment. 
Measurements were performed in mouse lungs from young and aged control and JunD–/– mice treated with NAC or its vehicle. (A) Quantification of lung 
double-stranded DNA breaks by Western blot determination of γH2.AX proteins. Results are individual values and means. Representative gels for γH2.AX 
and β-actin. (B and C) Quantification of p16- and p21-stained cells in mouse lungs. Individual values and means of percentages of positive cells per field 
are reported. Photomicrographs of representative images are shown below. Positive p16- or p21-stained cells are indicated by red arrows. (D) Quantifica-
tion of lung emphysema by measurement of the mean linear intercept (Lm) length per animal, expressed in μm. Results are individual values and means 
for 8 animals per group. P values were calculated using 2-way ANOVA with Bonferroni’s post hoc test. ***P < 0.001; **P < 0.01; *P < 0.05.
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Figure 4. NAC treatment leads to lung adenocarcinoma development. (A) Lung adenocarcinomas (ADK) as shown 
on representative micrographs were found in 2 of 15 aged control mice treated with NAC and in 7 of 14 aged JunD–/– 
mice treated with NAC. Fractions on the top of the bars indicate the number of mice with ADK in each group. *P 
< 0.05 comparing mice treated with NAC with mice not treated with NAC, using the χ2 test. (B) Representative 
photomicrographs of lung adenocarcinoma. (C) Images of the same area stained with hematoxylin and eosin and 
Sirius Red. (D) Arrowheads showing vacuolated tumor cells in adenocarcinoma (original magnification, ×40). (E) 
Percentage of Ki67-positive cells in normal lung tissue (left part of the figure) and in adenocarcinoma tissue (ADK) 
from aged control and JunD–/– mice. Data represent median (interquartile range); bars represent extreme values. n 
= 8 animal per group for young mice, 2 animals for control + NAC with ADK and 4 for JunD–/– + NAC with ADK. (F) 
Photomicrographs showing numerous p16- and p21-positive senescent cells in the lung around, but not within, the 
tumor. In contrast, Ki67-positive cells were abundant within the tumor but absent from the surrounding lung tissue. 
(G) Lung area of inflammatory cell infiltrates in young and aged mice. Representative images are shown in the right 
panel. Values represent median (interquartile range). Bars represent extreme values. n = 8 animals per group. P 
values were calculated using 2-way ANOVA with Bonferroni’s post hoc test. ***P < 0.001; **P < 0.01.
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stress, namely, normal aging and JunD depletion. Normal aging was associated with lung oxidative 
stress compared with young mice, despite lung overexpression of  the transcription factors Nrf2 and 
JunD, related to genes involved in protection against ROS. JunD depletion acted in concert with Nrf2 
downregulation to markedly diminish ROS defense gene expression, resulting in severe lung oxidative 
stress even at a young age (13). Both conditions led to lung DNA damage, lung senescent-cell accu-
mulation, and lung structural alterations with lung emphysema lesions developing in aged mice. As 
expected, NAC treatment diminished the oxidative stress, DNA damage, lung senescent-cell counts, 
and severity of  emphysema. However, NAC treatment also led to the development of  lung adenocarci-
noma in 50% of  JunD–/– mice and 10% of  control nonmutant mice.

Our results therefore support a direct role for NAC in tumor initiation. This role seems inde-
pendent from antioxidant gene expression, since opposite variations in antioxidant enzyme expres-
sion were seen in healthy mice and JunD–/– mice during aging. The protective effect of  NAC against 
lung emphysema is an expected consequence of  the decrease in lung senescent-cell accumulation (20). 
Altering the cell senescence process, however, may produce undesirable consequences, since senes-
cent cells are well known to constitute a barrier to cell transformation and tumorigenesis (21). In this 
and previous studies, NAC treatment downregulated p53 expression in tissues including the lung (8). 
Bypassing cellular senescence can indeed promote the cell transformation process due to the genomic 
instability that may result from the senescence process and that is favored by inactivation of  the tumor 
suppressors p53 and p16 (21). JunD-knockdown-induced senescence of  MEFs was rescued by NAC 
treatment, supporting an anti–cell senescence effect as the mechanism by which NAC might promote 
tumor initiation. Globally, our results suggest a protective role for endogenous ROS, possibly via stim-
ulation of  oncosuppressors such as p16 or p53 and of  senescence. This protective role may therefore 
be disrupted by antioxidant treatment. Whether our findings may apply to conditions that more closely 
resemble those seen in humans, such as conditions induced by cigarette smoke exposure or hypoxia 
(20), requires investigation. The mucolytic effect of  NAC may also allow commensal bacteria to access 
the epithelium and innate immune cells, thereby promoting inflammation and cancer. However, this 
mechanism is unlikely to have played a role, since the inflammatory infiltrates were not affected by 
NAC treatment in either JunD–/– or WT mice.

An important question is whether the tumorigenic effect of  NAC may occur in JunD-deficient mice 
independently of  oxidative stress. Some of  us previously demonstrated that JunD deficiency affected tum-
origenesis via oxidative stress–dependent mechanisms. Indeed, in a model of  mammary carcinogenesis, 

Figure 5. Inactivation of JunD leads to cell senescence: effects of antioxidant treatment. (A) Primary mouse embryonic fibroblasts were infected with 
control (sh-SCB) or with 2 JunD-targeting (sh-JunD) shRNA retroviral vectors. RNAs were prepared and reverse transcribed, and the JunD transcripts were 
quantified by qPCR. Results were normalized to the GAPDH transcript level. Graph shows results from 4 separate experiments. (B and C) Cells treated with 
1 mM NAC or 0.1 mM β-mercaptoethanol were fixed and stained using crystal violet or were stained for SA-β-Gal activity. The number of SA-β-Gal–positive 
cells was then counted in each condition. Treatment with NAC or β-mercaptoethanol considerably decreased the number of senescent cells induced by 
JunD inactivation and increased the number of proliferating cells. Results are individual values and means. P values were calculated using 2-way ANOVA 
with Bonferroni’s post hoc test. ***P < 0.001; **P < 0.01. 
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JunD inactivation increased the incidence of  tumors, which exhibited a reactive stroma (22). We also previ-
ously provided evidence for molecular mechanisms linking oxidative stress to angiogenesis and aging (11, 
13). In these studies, JunD inactivation was associated with a shorter life span and with premature onset of  
aging-related syndromes. A noteworthy finding from our study is that NAC treatment led to the develop-
ment of  lung adenocarcinoma not only in aging JunD–/– mice but also in aged WT mice, with increased oxi-
dative stress and lung senescent cells in both cases. These results therefore point to a specific effect of  NAC, 
which may drive tumorigenesis independently of  JunD but in close relationship with the aging phenotype.

In conclusion, our results indicate that the carcinogenic role of  antioxidants on the lung is particularly 
marked when ROS production is increased, as occurs in lungs of  smokers and patients with COPD, which 
also exhibit downregulation of  both JunD and Nrf2.

Methods
Experimental design. To investigate the long-term effects of  antioxidant supplementation in the context of  
lung chronic oxidative stress, we studied WT and JunD-deficient mice aged 4 or 12–18 months with and 
without chronic NAC treatment. Long-term effects of  NAC treatment were assessed in both JunD–/– and 
control mice by adding NAC (40 mM) or vehicle to the drinking water. Selection of  the JunD-depleted 
murine model was based on the oxidative stress and chronic cell senescence seen in the lungs of  these 
animals and on evidence of  dramatic JunD downregulation in lungs from patients with COPD. The result-
ing 8 groups of  mice were then assessed for oxidative stress, cell senescence markers, and structural lung 
alterations including cancer development. Complementary experiments were then performed on cultured 
MEFs from control and JunD-deficient mice to assess the in vitro effects of  NAC treatment.

Patients. Lung tissue samples were obtained from 16 patients who underwent lung resection surgery at 
the Institut Mutualiste Montsouris, Paris, France. Among them, 8 had COPD and 8 were control smokers 
matched to the COPD patients for age and sex (Supplemental Table 1). Inclusion criteria for the patients 
with COPD included a ratio of  forced expiratory volume in 1 second (FEV1) over forced vital capacity 
(FVC) less than 70% and a smoking history of  10 or more pack-years. The controls had to have a smoking 
history of  5 or more pack-years; an FEV1/FVC ratio greater than 70%; and no evidence of  chronic cardio-
vascular, hepatic, or renal disease. None of  the patients had a history of  cancer chemotherapy. Lung tissue 
samples collected during surgery were used for in situ immunohistochemical studies, protein level determi-
nations, and cultures of  pulmonary artery–derived smooth muscle cells.

Mice. We generated mice with constitutional JunD deletion, as described previously (11). These mice 
have the lacZ coding sequence in place of  the JunD sequence, allowing the localization of  JunD-expressing 
cells by the lacZ reporter gene technique. Heterozygous mice were mated to generate control and JunD–

/– mice, as JunD–/– males are infertile. A group of  pregnant females received N-acetyl-L-cysteine (Milli-
poreSigma) dissolved at 40 mM directly in the drinking water. Newborns continued drinking NAC after 
weaning, until the age of  4 months (young group) or 12–18 months (aged group). Some mice were euth-
anized at 4 months of  age to allow the collection of  young healthy tissues. Mice in the aged group were 
followed as a cohort and weighed weekly until the age of  16 to 18 months. The 40 mM concentration was 
chosen because it was effective in inhibiting ROS in previous studies (11).

Animal preparation, assessment of  lung emphysema, and lung tissue analysis. The mice were sacrificed and 3 
lobes of the right lung were quickly removed and immediately snap-frozen in liquid nitrogen and then stored 
at –80°C for biological measurements. Total RNA and protein were extracted from the right lung of  each 
animal. Total RNA was used for reverse transcription real-time PCR (RT-qPCR) and total protein for Western 
blotting, as previously described (14). The remaining right lung lobe was fixed with 2% formaldehyde (Milli-
poreSigma) and 0.2% glutaraldehyde (MilliporeSigma) for 45 minutes. Then, the lungs were washed with PBS 
and stained in a titrated pH 7.4 solution containing 40 mM citric acid, 150 mM NaCl, 2 mM MgCl2, 5 mM 
potassium ferrocyanide, and 1 mg/mL X-Gal (Thermo Fisher Scientific). Stained lobes were then embedded 
in paraffin, and 5-μm-thick sections were cut. After counterstaining of the nuclei with neutral red, 10 fields per 
section were acquired at an overall magnification of ×500. The same protocol was used to assess senescence-as-
sociated β-galactosidase (SA-β-Gal) activity, but using a staining solution at a pH of 6.

The left lungs were fixed by intratracheal infusion of  4% paraformaldehyde aqueous solution (Milli-
poreSigma) at a transpleural pressure of  30 cmH2O. For morphometry studies, 5-μm-thick sagittal sections 
along the greatest axis of  the left lung were cut in a systematic manner and stained with hematoxylin and 
eosin for assessing emphysema, determining the size of  inflammatory infiltrates, and counting tumors.
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For each biological condition, a group of  mice was sacrificed and their entire lungs fixed through the 
trachea at a transpleural pressure of  30 cmH2O to allow emphysema measurement and lung cancer detec-
tion in all lung lobes. Lung emphysema was measured using the point-counting and mean linear intercept 
methods described by Weibel and Cruz-Drive (14).

Immunohistochemistry. For studies of  mouse and human lung tissues, slides were incubated for 60 min-
utes in 1% BSA and 5% goat serum in PBS and then incubated overnight with anti–4-HNE antibody 
(goat, AB5605, Merck Millipore) and anti–8-oxoG antibody (rabbit, ab206461, Abcam). For immunofluo-
rescence, lung sections were prepared as described elsewhere (14) and incubated overnight using anti-JunD 
(rabbit, ab134067, Abcam) and anti-p16 (mouse, ab54210, Abcam) antibodies overnight at 4°C. Slides 
were then incubated with anti-rabbit (donkey, A-21206, Thermo Fisher Scientific) and anti-mouse (goat, 
A-21054, Thermo Fisher Scientific) secondary antibodies. Mouse lungs were also stained with anti–mouse 
p21 antibody (rabbit, sc-397, Santa Cruz Biotechnology) and anti–mouse p16 antibody (rabbit, PA5-20379, 
Thermo Fisher Scientific). Slides were then incubated with anti-rabbit (goat, 31460, Thermo Fisher Sci-
entific) and anti-mouse (goat, 31430, Thermo Fisher Scientific) secondary antibodies. We used the ABC 
Vectastain kit (Vector Labs) to mark the primary antibodies according to the user’s guide. The staining 
substrate was diaminobenzidine (FastDAB, MilliporeSigma), and the sections were counterstained with 
methyl green. After counterstaining with methyl green, sections were mounted with coverslips.

Western blot analysis. Immunoblots were carried out using the indicated antibodies and detected using 
an enhanced chemiluminescence detection system (GE Healthcare). Densitometric quantification was 
normalized to β-actin levels using GeneTools software (Ozyme). The antibodies used were anti-γH2.AX 
(rabbit, 9718, Cell Signaling Technology), anti-JunD (rabbit, sc-74, Santa Cruz Biotechnology), anti-NRF2 
(rabbit, sc722, Santa Cruz Biotechnology), anti-p53 (mouse, 2524, Cell Signaling Technology), or anti–β-
actin (mouse, A1978, MilliporeSigma). See complete unedited blots in the supplemental material.

Culture and analysis of  smooth muscle cells and MEFs. Pulmonary artery smooth muscle cells were extract-
ed and cultured as described previously (14), and ROS production was measured by exposing the cells to a 
40 μM solution of  DCFH-DA (2′,7′-dichlorofluorescin diacetate, D6883, MilliporeSigma) in DMEM for 
30 minutes. The cells were then washed with PBS, and dye fluorescence was then measured after 45 min-
utes in DMEM with FBS, with either NAC or its solvent.

Primary MEFs were harvested from C57BL/6J mice, obtained from Janvier Labs. RNA extraction, 
RT-qPCR, crystal red, and SA-β-Gal assays were performed as previously described (23).

The pBABE-puro-shJunD and control vectors were from Addgene. Virus-producing GP293 cells were 
transfected with the vectors using the GeneJuice reagent according to the manufacturer’s recommendations 
(Merck Millipore). Cells were transfected with the VSVg (1 μg) and retroviral vector of  interest (5 μg). Two 
days after transfection, the viral supernatant was mixed with fresh medium (1:2) and hexadimethrine bro-
mide (8 μg/mL, MilliporeSigma) and was then used to infect target cells for 6 hours. Selection was started 
with puromycin (500 ng/mL) 24 hours after transfection.

Statistics. Quantitative variables are expressed as individual values and mean or as the median (range). 
Statistical analyses were performed with GraphPad Prism 7 software following the guidelines in GraphPad 
Prism. One-way analysis of  variance (ANOVA) followed by the 2-tailed Student–Newman-Keuls multi-
ple-comparisons test was used to compare the means of  more than 2 independent groups. Values represent-
ed as medians (interquartile range) were compared by the nonparametric Kruskal-Wallis test. Lung ade-
nocarcinoma frequencies were compared using χ2 tests. P values less than 0.05 were considered significant.

Study approval. The study was approved by the institutional review board of  the Henri Mondor Teaching 
Hospital (Créteil, France). All patients and controls signed an informed consent document before study inclu-
sion. The mice were used according to institutional guidelines, which complied with national and internation-
al regulations. All animal experiments were approved by the Institutional Animal Care and Use Committee 
of  the French National Institute of  Health and Medical Research (INSERM) Unit 955, Créteil, France.
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